Synaptic events in a chloride
 (BOISTEL and FATT, 1958 ; GRUNDFEST et al., 1959 ; DUDEL and KUFFLER, 1961b ; TAKEUCHI and TAKEUCHI, 1966b, 1967 
RESULTS
Potentials induced by inhibitory stimulation in a Cl-deficient condition Excitatory junctional potentials (e.j.p.s) and inhibitory junctional potentials (i.j.p.s) were alternately induced every four seconds by a train of 7-9 successive stimuli at 75-100/sec, and intracellularly recorded potentials were observed with an ink-writing oscillograph and an oscilloscope ( Fig. 1-I, II) . When the perfusing medium was changed to a Cl-free solution (the first arrow in Fig. 14) , the membrane potential depolarized about 20 mV, and then began to repolarize after a minute. During the course of this transient depolarization and repolarization, the i.j.p.s gradually decreased in size and disappeared ( Fig. 1-I , IIBb) as would be predicted when Cl was withdrawn from the medium (BoisTEL and FATT, 1958; GRUNDFEST et al., 1959; DUDEL and KUFFLER, 1961b; TAKEUCHI and TAKEUCHI, 1966a, b, 1967) , while the e.j.p.s increased or transiently decreased in size . In the first part of the record in Fig. 1-1 , neither potential can be seen because of low amplification. Fig. 1 . Changes in resting potential and synaptic potentials after Cl-removal. I: Excitatory and inhibitory axons were alternately stimulated for 80 msec at 100/sec once every four seconds and potential changes were recorded with a pen recorder. The medium was changed into Cl-free solution at the first arrow and returned to normal at the second arrow. II: A, excitatory and B, inhibitory stimulation for 90 msec at 75-100/sec. a, in normal solution; b and c, 5 and 12 min after changing the medium into Cl-free solution respectively; d, after returning to normal solution.
In the middle of the experiment in Fig. 1-I , the inhibitory stimulation produced again some potentials. These potentials increased gradually in size to 'giant potential' which was greater than that produced by excitatory stimulation ( Fig. 1-I , IIc; The term'giant potential' is used for convenience to describe the potentials induced by inhibitory stimulation in the Cl-deficient condition. No quantitative size is implied). The giant potentials appeared within an average of 15 min (range=9 to 29 min) after Cl was removed and lasted several minutes. Observations beyond 15 min after the appearance of giant potentials were not made in the present study. The peak of the potentials reached about 20 mV. The potential started with a time lag, and a slight after-hyperpolarization followed repetitive responses in some preparation (cf. Fig. 2 -IIBc). After the medium was returned to normal giant potentials were no longer seen, and following inhibitory nerve stimulation, hyperpolarizing i.j.p.s were observed ( Fig. 1 
Effect of L-glutamate on the potentials induced by inhibitory stimulation in a Cldeficient condition
In Fig. 2 -I the e.j.p.s in the normal medium (Aa) disappeared during the Extracellular recording of potentials produced by nerve stimulation in a Cl-deficient condition Excitatory junctional potentials and nerve terminal potentials were recorded with an extracellular microelectrode placed close to the synaptic region. When a single stimulus was given to the inhibitory axon in Cl-free medium (Fig. 3) , repetitive responses with three different types of potentials followed an inhibitory n.t.p. (square in the upper trace). The first type of potential (I) was the same in its configuration as the inhibitory n.t.p. (see record at left in the lower trace), but smaller in size. The second type of potential (E) was similar to the excitatory n.t.p. shown at right in the lower trace. Antidromic spikes responsible for the second type of potentials were recorded on the excitatory axon with a reasonable delay for conduction (middle trace in Fig. 3 ; Table 1 ). The third type of potential (short arrows) followed immediately the second type, though the first one failed to appear (the first short arrow). Judging from both the potential configuration and the irregular variation in its size (DUDEL and KUFFLER, 1961a) , the third type of potential may be the extracellular e.j.p. that is related to the intracellularly recorded giant potential (see Fig. 4) . A single stimulation of only the inhibitory axon (square in Fig. 3 ) was not strong enough to couple to the excitatory n.t.p., but the following repetitive activities on the inhibitory terminal (I) could do to it. Since these repetitive activities were not only on the inhibitory nerve terminal but also on the excitatory nerve terminal, it was difficult to demonstrate a sequence of cause and effect between the inhibitory and excitatory n.t.p.s. However, the excitatory stimulation produced the repetitive responses only on the excitatory nerve terminal, suggesting a oneway synaptic transmission from the inhibitory to the excitatory axon in this case. electrotonic potentials of the membrane was concomitantly observed by passing a current pulse through an electrode inserted into a muscle fiber at the middle near the recording electrode, less than 50 it away. When the membrane potential returned to the original level, the input conductance was nearly the same as that before the drug application. Since no desensitization occurs with GABA at the inhibitory postsynaptic membrane (TAKEUCHI and TAKEUCHI, 1965) , the transient depolarization shown in Fig. 5 must have been caused by the action of the excitatory neurotransmitter released from the excitatory nerve terminal when it was stimulated by the GABA. That is to say, the action of GABA closely mimics that of the inhibitory neurotransmitter at the presynaptic inhibitory synapse.
Delay in potential generation after inhibitory stimulation in a Cl-deficient condition
The time interval during which excitatory stimulation produced the first one of the repetitive responses in excitatory postsynaptic membrane in Cl-free solution was 14 msec on average, ranging from 6 to 25 msec (arrow in Fig. 6 ). Subtracting the conduction time in the excitatory axon (Table 1) , the net delay required for the postsynaptic responses to arise was 10 msec. This period would be the time during which the repetitive spikes invade the excitatory terminal to induce through facilitation the release of transmitter (cf. Fig. 3 mark E for the facilitation) . In the case of inhibitory stimulation, on the other hand, the start of the repetitive responses was more delayed than in that of excitatory stimulation. An example with a long delay is given in Fig. 7 , in which a single stimulus was applied to the inhibitory axon at the arrow, and either an intracellular or extracellular e.j.p. was recorded. The intervals ranged from 10 to 800 msec (Fig. 6 ). In the histogram there are two or three peaks, the first one of which appeared in 21-22 msec after the inhibitory stimulation. These two experiments indicate that at least 7-8 msec were required for an inhibitory stimulation to be linked to an excitation of the excitatory nerve terminal (cf. Fig. 3 ).
The potential induced by inhibitory stimulation under the Cl-deficient condition was not necessarily preceded by the repetitive excitatory n.t.p.s (Fig. 7B) . Therefore, another mechanism for this long delay should be considered. The excitatory nerve ending might be directly depolarized by an electrotonic spread of the depolarization induced at the axo-axonal synapses under the Cl-deficient condition. In normal conditions, the effects of presynaptic inhibition are short, taking place within several msec, and seem to be caused by an increase in conductance of the terminal membrane without depolarization (DUDEL and KUFFLER, 1961b ; DUDEL, 1963 ; TAKEUCHI and TAKEUCHI, 1966b) . When a depolarization of the terminal membrane was induced by the axo-axonal synaptic action under a Cl-deficient condition, a passive decay of the depolarization at the terminal would be slow if the electric time constant of the membrane is long (RALL, 1959 (RALL, , 1960 ECCLES, 1964) . In this connection, it is of much interest that such prolonged depolarization has been observed directly by intra-fiber recording in presynaptic inhibition of the mammalian spinal cord (ECCLES et al., 1962) . Later peaks with long delays shown in Fig. 6 were not observed in the case of excitatory stimulation, reflecting again some synaptic events taking place at the axo-axonal synapses.
Efficacy of excitatory and inhibitory stimulation
The potentials produced by the inhibitory stimulation were larger in amplitude and longer in duration of the repetitive responses in postsynaptic muscle membrane than those produced by the excitatory stimulation (Figs. 1-IIc ; 2-IIa, c). In some cases the excitatory stimulation could not set up e.j.p., whereas the inhibitory stimulation could in the Cl-deficient condition. The predominant effect of the inhibitory stimulation in producing the excitatory potential could be brought about if the axo-axonal synapses are located distally to the places where excitatory impluses produced by the excitatory stimulation would be blocked (DUDEL and KUFFLER, 1961b; DUDEL, 1963) . It is also likely that this predominant effect of the inhibitory stimulation was brought about by repetitive spikes induced at the inhibitory nerve terminal which invaded the excitatory nerve terminal repeatedly.
Different types of potentials
The inhibitory stimulation produced at least two types of potentials in muscle fiber in Cl-free solution: One was like e.j.p.s produced by a train of successive stimuli (Figs. 1, 4) ; the other like an action potential of the muscle membrane (Figs.  7A, 8A ). In Fig. 8B two types of potentials were concomitantly produced on a muscle fiber by the inhibitory stimulation, and were produced repeatedly.
The abductor muscle of crayfish is innervated by a single motor axon which ramifies and the neuromuscular junctions are distributed all over the surface of the muscle fiber ( VAN HARREVELD, 1939 ; WIERSMA, 1941) . Taking this fact into account, these two different types of potentials may be explained as follows : When the inhibitory impulses impinge (through the axo-axonal synapses) on the finer sites of branching of the excitatory axon, a random release of the excitatory neurotransmitter from the various nerve endings would result, giving rise to the first 'action potential'-type responses in Fig. 8B . On the other hand, a synchronous invasion by spikes of the excitatory nerve endings, which could be brought about if the spikes were set up from a large point of branching of the excitatory axon, may result in the e.j.p.-type responses in Fig. 8B .
The inhibitory stimulation produced antidromic repetitive spikes on the excitatory axon in some cases (Figs. 3, 4) , but not in other cases (Fig. 7B ). These varying responses may also be explained by assuming variations in position of the synaptic contacts. If an axo-axonal synapse is formed at a relatively distal end of the excitatory terminal, a large extracellular e.j.p. would be expected to occur without an accompanying antidromic spike as shown in Fig. 7B , because the fine terminal, in whose vicinity an extracellular junctional potential is recorded, may not be excitable in crayfish axon (DuDEL and KUFFLER, 1961b; DUDEL, 1963) . In turn the inhibitory stimulation would invade the excitatory nerve ending more effectively in this case (Fig. 7B) . These interpretations are supported by a report that the inhibitory axo-axonal synapses are highly variable in form and are found on both large and small excitatory axonal processes, sometimes remote from the active sites of the excitatory neuromuscular junction (LANG et al., 1972) . Alternatively, the two types of potentials in the postsynaptic membrane might be caused by different kinds of receptors of the membrane. This possibility has not been explored in these experiments. IN CRAYFISH SYNAPSE 89
DISCUSSION
In a Cl-deficient condition, either the direct inhibitory stimulation or the bath application of GABA produced large depolarizing potentials in the postsynaptic muscle membrane. These apparently inconsistent observation can be satisfactorily explained by the concept of synapses on synapses, i.e., presynaptic inhibition as proposed at the crayfish neuromuscular junction (DUDEL and KUFFLER, 1961b) . If the presynaptic inhibition works through a conductance-increase mechanism for Cl (DUDEL and KUFFLER, 1961b ; DUDEL, 1963 ; TAKEUCHI and TAKEUCHI, 1966b) , a depolarization of the presynaptic nerve terminal would be expected if the axo-axonal synapse worked so that the chloride potential of the synapse is shifted in a depolarizing direction from the resting potential. Such a condition may be brought about when Cl is removed from the solution, but a considerable amount of the internal Cl near the synaptic region is preserved for a while because of some diffusion barrier (REUBEN et al., 1964) . The experimental results presented here would be consistent with findings reported by TAKEUCHI and TAKEUCHI (1966b) .
In the present study the e.j.p.s were induced by means of the inhibitory stimulation or GABA application in some Cl-deficient conditions. These new observations further strengthen the hypothesis that the same mechanism participates in the presynaptic inhibition as in the postsynaptic inhibition at crustacean neuromuscular junction (DUDEL and KUFFLER, 1961b ; DUDEL, 1963 DUDEL, , 1965a TAKEUCHI and TAKEUCHI, 1966a, b) .
In a Cl-free solution a single excitatory stimulation was found to produce repetitive firing of the excitatory nerve terminal. The excitability of the terminal would have been elevated after Cl-removal (ECCLES, 1957; TAKEUCHI and TAKE-UCHI, ; YAMAMOTO and KAWAI, 1968) . The repetitive spikes resulted in large e.j.p.s with a delay of 10 msec (Fig. 6, Table 1 ). When the inhibitory axon was stimulated, the excitatory potentials appeared in a widely distributed range of intervals (Fig. 6 ) and the later widely distributed delays require an explanation. At the frog neuromuscular junction facilitation can be separated into two distinct components on the basis of the time course of its growth and decay. The second component of facilitation is apparent 60-80 msec after the conditioning shock, rises to a maximum at about 120 msec and decay thereafter with a time constant of the order of 250 msec (MALLART and MARTIN, 1967; excluding 'post-tetanic' potentiation) . This second phase of facilitation might also be associated with the long delay in appearance of the excitatory potentials after the inhibitory stimulation seen in the present experimental condition (Figs. 6, 7) . Further longer term of facilitation has been found at the crustacean neuromuscular junction (SHERMAN and ATWOOD, 1971) .
No successful extracellular recordings of slow depolarizations have been obtained from excitatory nerve terminals. These would be expected to underlie the release of the excitatory neurotransmitter with or without generating the spikes of the excitatory nerve (Fig. 3 or Fig. 7B ). Failure in the attempts to record the potential changes might be due to technical difficulties associated with critical limitation in the recording position. However, one may not eliminate the possibility that the 'second' component shown in Fig. 6 might be associated with an increase in release probability of different origin or, alternatively, with a 'mobilization' of transmitter (KATZ, 1969; OZEKI et al., 1966; GAGE and HUBBARD, 1966; ECCLES, 1957 ECCLES, , 1964 HUBBARD and WILLIs, 1963; HUBBARD, 1963) .
The experimental findings shown in the present study, e.g., strikingly longer delay, a facilitatory nature, and one-way transmission from inhibitory to excitatory axon, may be more easily explained by the presence of chemical transmission from the inhibitory to the excitatory axons than by any other explanation (e.g., cf. FURSHPAN and POTTER, 1959 
